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AUTOMATIC LOGIC MODEL GENERATION
FROM SCHEMATIC DATA BASE

TECHNICAL FIELD OF THE INVENTION

The present invention relates to the automatic gener-

ation of simulation models, particularly for digital logic
circuits.

BACKGROUND OF THE INVENTION

In the design of modern electronic systems, it is in-
creasingly common for large blocks of circuitry to be
incorporated into custom integrated circuits known as
ASICS, or Application Specific Integrated Circuits.
These circuits are typically designed with the assistance
of computer-aided engineering (CAE) tools. The actual
process of design is such that the designer will use a
graphics-based workstation to “draw” schematics of a
circuit on the workstation’s display screen. This is ac-
complished by positioning and interconnecting a num-
ber of predefined circuit elements. Such circuit ele-
ments are represented on the display screen by sche-
matic symbols, but also have further, lower level circuit
representations associated with them. For example, a
logic AND gate may be represented on the designer’s
display screen as a three terminal device having two
inputs and one output. At a lower level, however, there
is a representation of that AND gate in the form of a
transistor circuit comprising transistors, resistors, etc..
It 1s in this form, that the circuit will actually exist on an
integrated circuit when 1t 1s completed.

In order for a designer to be certain that his circuit
will perform correctly when it 1s transformed into an
ASIC, 1t 1s essential that accurate circuit simulation
capability be available during the design process. Such
simulations must take into account circuit delays, timing
dependencies, loading characteristics, and layout in-
duced effects such as parasitic capacitances, etc.. These
simulations are usually provided in the form of logic
and timing models, which allow the designer to closely
approximate the performance of his circuit when it is
subjected to the stimuli that he specifies. The more
accurate the simulation models, the higher the design-
er’s confidence level that the circuit will perform as
planned.

A number of tools exist which facilitate the task of

ASIC design. Among these are a number of different
types of simulators. Each type of simulator operates on
a circuit description at a different level of abstraction.
The lowest level simulator 1s a circuit simulator. One
such simulator 1s SPICE, available under a number of
trade names from a number of different vendors. SPICE
is a “standard” simulator, which has grown into a de-
facto industry standard over a number of years. All
SPICE simulators model circuits and their interconnec-
tions in the same way, and as such produce very similar
results. One commercially availabie SPICE simulator 1s
HSPICE, produced by Meta-Software Incorporated.
Circuit simulators, such as SPICE and 1ts many varn-
ants, model a circuit in very great detail. All circuit
elements are modeled in an analog fashion, and transis-
tor models are very complete, taking into account many
of the actual physical characteristics of the device.
Voltages and currents are modeled as continuously
vaniable entities, rather than the simple one-zero model-
ing of digital simulators. As a result, circuit-level model
results are extremely accurate and highly representative
of the performance of actual circuits. Very accurate
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information about propagation delays and effects of
loading, parasitic capacitances, etc., may be derived
from circuit-level simulators. Unfortunately, the ex-
treme level of detail used in circuit-level simulation
requires a very large number of calculations and re-
stricts their practical use to smaller circuits, or where
extremely detailed and accurate information is required.

Switch-level simulators attempt to provide fairly

- detailed and accurate simulations of digital circuits by

modeling all of the transistors in a circuit as switches
which may be either closed or open. While this type of
model does not deal well with the effects of transistor
parameters, for many types of digital logic it provides a
reasonably accurate approximation with significantly
fewer calculations required than for circuit-level simu-
lators. As a result, fairly detailed and accurate simula-
tion results may be obtained in far less time than is re-
quired for circuit level simulation. One commercially
available switch-level simulator 1s TIMEMILL, pro-
duced by EPIC Design Technology, Incorporated.
Gate-level simulators are one level of abstraction
further away from the circuit than switch-level simula-
tors. Such simulators model a circuit as a group of inter-
connected logic gates. The logical functions are simple
enough to perform, but propagation delays and timing
relationships are handled in the form of lumped parame-
ters. Some such simulators will attempt to account for
the approximate effects of loading by applying simple
equations for propagation delay where the delay 1s a
function of the number of connections. Further, param-
eters may be passed back from detailed simulations
whereby the effects of parasitic capacitances may be
approximated, again in the form of a lumped parameter.
Gate-level simulators run extremely fast compared to

either circuit-level or switch-level simulators, due to the
smaller number of calculations required. Provided that

the lumped parameters are calculated properly, gate
level simulators can provide very reasonable approxi-
mations of actual circuit performance. LSI Logic and
Mentor Graphics are both commercial sources of gate-
level simulators.

One other tool which i1s commonly made available by
vendors of CAE stations and software is timing venfica-
tion. Timing verification is performed by software
which analyzes the timing relationships between logic
state changes within a circuit and determines if certain
timing criteria such as minimum set-up and hold times
have been violated. Timing verifiers do not attempt to
model the circuit as it would operate, but rather attempt
to analyze the circuit’s behavior in the form of relative
delays, and cause and effect relationships within a cir-
cuit.

Because of the size and complexity of circuits which
are commonly put into ASICS, it is essential to the
designer that circuit simulations run fast. For this rea-
son, logic simulation of ASICs by the designer is per-
formed almost exclusively through the use of gate-level
simulators. In order for gate-level simulation to provide
reasonably accurate approximations of actual circuit
performance, a fairly extensive process of analysis, sim-
ulation and model preparation is required of the tool
vendor.

The process of generating logic and timing models
for a new circuit element, e.g., gate, flip-flop, adder,
etc., 1s typically a lengthy, labor-intensive process
whereby schematics are drawn at both the logic-level
and circuit-level. A circuit-level model is generated
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from the circuit-level (transistor circuit) schematic by
means readily available in the present art, usually auto-
matically. The logic circuit and transistor circuits are
then analyzed to determine what stimuli should be ap-
plied to the circuit level model to arrive at simulation
results which will give best indication of the delay char-
acternistics of the circuit. The circuit is laid out and an
analysis is performed to determine the effect of adjacent
wire runs, etc., on the overall performance of the cir-
cuit. The circuit-level simulation is run under several
different simulated conditions of power supply voltage
and temperature to determine worst and best case delay
characteristics, rise and fall times, etc.

The simulation results are examined to determine
from the difference in time between critical stimuli and
output transitions what values of propagation delay,
etc., should be used for the purpose of logic modeling.
The logic diagram is annotated with these values in the
form of attributes which can be read and acted upon by
a logic simulator. Layout induced effects are taken into
account, the delay values are altered accordingly, and
the logic model is complete.

Timing verification models are usually generated
manually based upon data derived from the simulation
run and also on knowledge of circuit function and to-
pology. Some logic simulators, such as MDE from LSI
Logic Incorporated, combine the functions of logic
simulation and timing verification into a multi-mode
modeler.

Once a model has been generated, it is common prac-
tice to compare the results of circuit-level, switch-level,
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and gate-level simulations to verify that the results track

one another closely. This process is known as model
verification. If the models do not track closely enough,
the user of a logic simulator will not get accurate repre-
sentations of the performance of his design, reducing
overall confidence that the circuit will perform cor-
rectly when it is incorporated into an ASIC.

In the present art, all of the aforementioned simula-
tion, analysis, and parameter extraction operations are
performed manually by human operators. Very of ten,
many different people perform different steps in the
process, due to the many sets of skills required. Because
of the labor-intensive nature of logic/timing model
generation and because of the rapid rate of change in
the field of digital electronics, it becomes extremely
desirable to have a method of automating the process so
that accurate logic and timing models may be generated
quickly enough to keep up with the needs of the design
community, without requiring large, dedicated, highly-
trained staffs.

DISCLOSURE OF THE INVENTION

It 1s therefore an object of the present invention to
provide a means f or automatic generation of logic
models by using the schematic data base of an arbitrar-
ily chosen schematic capture system.

It 1s a further object of the present invention to pro-
vide means for providing an arbitrarily chosen circuit-
level (or transistor-level) simulator with appropriate
input stimuli to establish timing-related parameters by
automated examination and analysis of circuit topology
and function.

1t 1s a further object of the present invention to pro-
vide means for automatic extraction of timing-related
parameters from said circuit-level simulation results.

It 1s a further object of the present invention to incor-
porate those automatically extracted timing-related
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parameters into logic and timing models by automatic
means.

It 1s a further object of the present invention to pro-
vide a means of automatic verification of the functional
and timing accuracy of the generated models.

According to the invention, there is a preexisting
integrated circuit design environment including a sche-
matic capture station, a logic simulator, timing verifier,
and circuit simulator. The hardware of such design
environments generally minimally comprises a com-
puter, keyboard, graphic display means (such as a color
graphic CRT display system), and graphic input means
(such as a mouse or a digitizing tablet) . Generally the
hardware would be based upon a commercially avail-
able computer workstation, such as those provided by
Sun Microsystems or by Apollo Computer Incorpo-
rated, and the software of the design environment
would be provided as an integrated set of tools by one
manufacturer, such as the design environments pro-
vided by LSI Logic Incorporated or Mentor Graphics
Incorporated. There also exists a logic schematic pre-
pared on the schematic capture station for which an
accurate logic simulation is desired, and from which a
net-list has been prepared. A net-list is a file comprising
descriptions of the logic primitives (e.g., AND/OR
gates, etc.) used in the logic schematic and the intercon-
nections therebetween. This is generally accomplished
automatically by the schematic capture system upon
completion of the logic schematic, although some sys-
tems may require an additional step of logic compila-
tion, whereby the user invokes a program to perform
the process of conversion of the graphical schematic
data to a net-list. In any case, the capability of net-list
generation is widely known and implemented in all
present schematic design environments.

At the top level, according to the invention, there is
a control program which runs all of the other programs
in the appropriate sequence, directing to those pro-
grams the requisite files and data structures. This top-
level program operates according to the process flow in
the following description. |

In the present invention, a series of programs are run
which invoke, operate on the data from, and integrate
the capabilities of a number of existing design tools
(simulators, data analysis, etc.). These programs operate
on the logic schematic data base prepared by the user,
prepare input files for the existing tools, invoke the
existing tools, analyze the output files thereof, and ulti-
mately combine the outputs of the existing tools into
useful logic models. The end result is the appearance to
the user of an automatic process of logic model genera-
tion. This process of input file preparation and output
file analysis would ordinarily be performed by human
operators, often by many different people due to the
different skill levels required at each step.

After the net-list has been prepared, one program of
the current invention analyzes the logic schematic, via
the net list, for all of the possible paths from primary
inputs to outputs, ultimately producing a list of input-to-
output paths where a change of state an the input will
effect a change of state at the output, and the input
patterns under which those state changes will be ef-
fected. Such patterns and dependencies will include a
prerequisite sequence of events in the case of sequential
circuits, whereas combinational circuits will require
only a static description of the states of the other inputs.
This analysis is performed by a graphic-walking algo-
rithm, which is a form of reachability analysis; a tech-
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nique which is well known in the present art. This pro-
gram’s output is designed so that the format of the out-
put data will be in the form of a stimulus file for the
circuit-level simulator of the design environment. Since
the choice of design environment is entirely arbitrary,
and hence the choice of circuit simulator i1s entirely
arbitrary, the exact format of the output will vary from
implementation to implementation. Similarly, the input
(net-list) format will be dependent upon the specific
design environment chosen. As such, the process of
~ net-list interpretation into an internal representation of
circuit connectivity will vary from implementation to
implementation. In any case, however, the internal pro-
cess of reachability analysis remains unchanged.

In order to simplify the process of input-to-output
path determination, delay paths for sequential logic
elements, e.g., latches and flip-flops, are predefined
according to the known characteristics of circuits with
their topology. This greatly reduces the amount of com-
puter analysis required for delay path identification.

Also after the net-list of the logic schematic (or logic-
level schematic) has been prepared, a transistor-level
schematic (or circuit-level schematic) 1s prepared corre-
sponding to the logic-level schematic. This schematic
represents the same circuit, but at a level where all
circuit blocks in the logic circuit are represented by
their actual transistor circuits. This transistor-level
schematic is prepared using the existing tools on the
integrated circuit design station. Depending upon the
exact integrated circuit technology in use, the exact
form of this circuit representation of the logic schematic
may vary widely. For example, there are very signifi-
cant differences between the transistor-level circuits of
the same logic circuit in NMOS and CMOS technolo-
gies. Differences also exist in the transistor-level circuits
and implementations of the same logic circuit even
when similar CMOS technologies are implemented by
different manufacturers.

In general, the transistor-level schematic diagram is
generated either automatically or semi-automatically by
the software of the integrated circuit design worksta-
tion. In some cases, where highly optimized, highly
customized circuits are being designed, the transistor-
level circuit will be generated manually or modified
from automatically generated transistor-level schemat-
ics by an operator or operators with special knowledge
of the characteristics of the integrated circuit manufac-
turer’s particular process in use. Similarly, the layout
process (process of arranging the transistors and passive
components for placement on an integrated circuit) may
be either automatic, semi-automatic, or manual, for
similar reasons. |

After layout, an automated process of analysis 1s per-
formed, whereby the layout of the circuit is analyzed
for parasitic capacitances between adjacent signal runs,
etc., and a list of layout-related circuit parameters is
generated. This set of layout-related circuit parameters
is then used to modify the transistor-level schematic so
that circuit equivalences of the parasitic effects are
incorporated into the circuit simulation. This process is
accomplished automatically in many manufacturers’
modern integrated circuit design software, and 1s well
known in the present art.

In a manner similar to that used for the logic-level
schematic, a net-list is generated for the circuit-level
schematic. This net-list is translated into a circuit-
description format usable by the circuit-level sirnulator.
Circuit-descriptions are separately generated for each
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primitive (e.g., NAND, NOR, D-FLOP, etc.) in the
circuit. Automatic means for this translation are pro-
vided as part of most modern integrated circuit design
environments. The translation process i1s a relatively
straight-forward formatting process and is well known
in the present art. One suitable such simulator is
HSPICE, produced by Meta Software Incorporated,
typical of SPICE simulators widely used in the present
art. The simulator operates on the transistor-level cir-
cuit description according to the input stimulus data
previously prepared from the reachability analysis of
the logic-level circuit and produces outputs represent-
ing the transistor-level circuit’s response to that input
stimulus. The simulator’s output is examined at critical
transition points and delay and timing parameters are
extracted.

Next, a set of simultaneous equations representing the
multiple contributors to delay { or each path are gener-
ated and solved according to an existing mathematical
technique known in the art as the “SIMPLEX" method,
whereby optimal values are determined. For the pur-
poses of this analysis, “optimal” means minimum error
magnitude in the delay value associated with each prim-
itive.

The process of running the simulator and extracting
delay parameters i1s performed automatically in LSI
Logic Inc.’s integrated circuit design environment by a
program called “CHARMS”, which runs the HSPICE
program, providing it with the necessary input files, and
analyzes the outputs for input-to-output delay and tim-
ing parameters.

The delay values generated in the “SIMPLEX" anal-
ysis process are applied directly to a timing model, the
input and output dependencies f or which were already
determined as a part of the reachability analysis. The
timing model generation process is simply a format
translation problem, and will vary from implementation

to implementation, depending upon the particular tim-
ing verifier’s model format.

The final step of model generation is generation of the
completed logic model. Functional models of combina-
tional logic circuits are already generated automatically
by present integrated circuit design environments. The
model generator of the present invention uses this same
process, but applies the delay information derived from
the circuit-level simulations and “SIMPLEX” analysis
to the primitives so that very accurate logic models are
created.

In order to verify the timing accuracy of the model,
a verification step is performed whereby the input stim-
uli used for the circuit-level simulation are converted to
a format usable by the logic-level simulator and are
applied to the newly created logic model. The resultant
outputs from the logic-level simulator are compared
with the outputs from the circuit-level simulator, and if
the output transitions from the two simulations do not
deviate by more than some predetermined amount, then
the logic model is said to be accurate and 1s ready for
use. In the rare case of significant deviation, manual
alteration of the logic and timing models will be re-
quired.

The amount of deviation which will be permitted
(error tolerance) between simulations is determined on
an implementation by implementation basts, based upon
the known overall accuracy of the simulators and their
methods of calculation. Another criterion in the selec-
tion of the error tolerance is the level of accuracy in
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logic simulations required by the system, technology, or
user.

One final model verification step is performed,
whereby the results of the different simulation runs are
compared for functional accuracy. This is significantly
different from the timing verification step, where the
output of the circuit level simulator and the logic-level
simulator are compared for timing compatibility. The
functional verification step ensures that the model be-
haves in the same way at all levels: logic-level, switch-
level, and circuit-level.

Other objects, features and advantages of the present
invention will become evident in light of the following
description thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a process flow diagram showing the steps
involved in the Jogic model generation process of the
present invention

FIG. 2 is a diagram showing the data flow the logic
model creation process of the present invention

FI1G. 3 1s a flow diagram showing the major steps
involved in the model-generation program of the pres-
ent invention.

F1G. 4 1s a diagram showing the data f low in the
mode] verification process of the present invention.

FIG. § is a diagram showing the data flow in the
net-list analysis and stimulus file generation of the pres-
ent invention.

FIG. 6 1s a logic-level schematic diagram of a circuit
used for sample analysis in the description of the present
invention.

FIG. 7 1s a partial transistor-level representation of
the logic-level schematic of FIG. 6 where the sequential
element has been replaced with its transistor and primi-
tive components.

FIG. 8 is a listing of the results of reachability analy-
sis for the circuit of FIG. 6 showing the input-to-output
dependencies found, their types, and input patterns.

FIG. 9 is a listing Of the simulator stimuli derived
from the results of reachability analysis for the circuit of
FI1G. 6.

FIG. 10 1s a listing of a generated logic model file
template for the circuit of FIG. 6, where layout-related
parameters (capacitances) have not been supplied.

FI1G. 11 1s a display screen representation of the user’s
view of the system during model generation for the
sequential portions of the circuit.

FIG. 121s a display screen representation of the user’s

view of the system during model generation for the

overall circuit with the sequential portions included.

DETAILED DESCRIPTION OF THE
INVENTION

For the purpose of detailed description of the inven-
tion, it will be assumed that LSI Logic’s integrated
circuit design environment is the basis upon which auto-
matic model generation is built. This environment in-
cludes a computer, graphic display screen, graphical
input device, keyboard, schematic capture software,
net-list generation software, logic simulation software,
logic-level to transistor-level translation software, cir-
cuit stmulation software, net-list to circuit-level simula-
tion input conversion software, “CHARMS” software
for running the circuit simulator and analyzing the re-
sults for pin-to-pin delay characteristics, as well as all
software of the present invention.
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8

FIG. 1 shows a process flow diagram 100 detailing
the steps from the beginning to the end of the model
generation process. Box 102 with respect to FIG. 1
represents the schematic capture process whereby the
user enters his logic diagram into the integrated circuit
design environment using the schematic capture soft-
ware. Box 104 with respect to FIG. 1 represents a cir-
cuit-level simulation process performed on a transistor-
level representation of the user’s schematic generated
by the software of the integrated circuit design environ-
ment for the purpose of functional verification. |

Box 108 with respect to FIG. 1 represents a physical
layout process whereby the transistor-level circuit en-
tered by the user i1s arranged for placement onto an
integrated circuit in the form of a physical layout 106. A
standard cell 110, which is a standardized library repre-
sentation of the physical layout 106 may also be gener-
ated at this time.

Box 112 with respect to FIG. 1 represents a parame-
ter extraction process whereby the layout is analyzed

for its effect on the circuit and whereby the transistor-

level schematic is modified to account for the effects of
the layout.

Box 114 with respect to FIG. 1 represents re-simula-
tion of the circuit to ensure proper function after com-
pensation for layout effects.

Box 116 with respect to FIG. 1 represents a process in
the LSI Logic Corp. integrated circuit design environ-
ment known as “AutoSpice” (or “CHARMS”)
whereby a SPICE-type simulator is invoked with a
transistor-level circuit description derived from the
transistor-level schematic, run according to input-
stimuli generated by the software of the present inven-
tion, and the results of which simulation are analyzed
and delay parameters are extracted.

Box 118 with respect to FIG. 1 represents the auto-
matic model generating software of the present inven-
tion whereby the delay data produced in 116 are com-
bined with other logic simulation data to create accu-
rate Jogic and timing models of the user’s circuit.

Box 120 with respect to FIG. 1 represents further
model generation for a multi-mode simulator available
in the LSI Logic Corp. integrated circuit design envi-
ronment known as the “MDE” simulator. This simula-
tor performs both logic simulation and timing verifica-
tion. The creation of a model for this program is simply
a matter of re-formatting separate timing and logic sim-
ulation models into a form acceptable to the multi-mode
simulator.

Box 122 with respect to FIG. 1 represents the model
verification process of the present invention whereby
the newly created logic/timing model is run on a logic
simulator and the results are compared to results ob-
tained in circuit-level and/or switch-level simulation. If
the simulations correspond accurately to one another
and do not deviate by more than some predetermined
tolerable amount, the logic and timing models are said
to be correct and complete.

The data-f low diagram 200, with respect to FIG. 2,
shows the data f low through the system in the process
of automatic model creation. A schematic file 202,, is
generated by a user. This schematic file is operated
upon 1n three different ways:

First, one of the software components of the present
invention, a translator 218 in the integrated circuit de-
sign environment software operates according to primi-
tive generation rules 216 on the data of schematic file
202 to produce a gate-level (logic-level) model of the
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user’s logic circuit. Depending upon the specific logic
simulator which will be used in the target environment,
the rules may be changed to create raw logic models for
any logic simulator.

Second, operations performed by CAD development
groups 206, either automatically in software or manu-
ally, result in sub-circuit descriptions 210 (transistor-
level schematic) of the schematic file 202 and informa-
tion 212 related to the effects of layout on circuit perfor-
mance.

Third, a pre-processor 204, one of the software com-
ponents of the present invention, is run. This pre-
processor performs a reachability analysis from the
inputs to the outputs of the schematic file 202 and deter-
mines its input-to-output (or pin-to-pin) delay paths an
the input stimulus patterns required to effect transitions
along those input-to-output delay paths, producing cir-
cuit-level stimulus files 206.

A process 214, automatic parameter extraction (per-
formed by the “CHARMS?” software in the LSI Logic
Corp. integrated circuit design environment) operates
on the circuit level stimulus 208 and the circuit-level
description 210, causing circuit-level simulations to be
run. The results of those simulations are analyzed pro-
ducing delay information 220.

When delay information 220, layout related informa-
tion 212, and raw logic-model 222 are all available an
auto-model generator 226, another software component
of the present invention, combines and re-formats the
data and model information of 220, 212, and 222 into a
multi-mode model 230. In the case of the LSI Logic
Corp. system, the model is prepared for the “MDE”
simulator. In the case of other systems, other simulator
model format(s) would be used. If multi-mode modeling
is not available on the target system, the output of auto-
model generator 226 would be broken into two discrete
parts: a timing model and a logic model. In such a case,
multi-mode model 230 may be considered as comprising
the two component models (timing model and logic
model).

Other outputs of the auto-model generator software
are a test pattern file 228 and a data sheet 232. The
process of generating test pattern file 228 1s simply a
re-formatting process whereby the circuit level stimulus
files 208 are re-generated for the target logic or mult:-
mode simulator. Generation of data sheet 232 is also a
formatting process whereby the newly established tim-
ing parameters for the logic model and the graphic
representation thereof are combined into a human read-
able form.

An auto-verification program 224, the final software
component of the present invention, operates on the
delay information 220 resulting from circuit level simu-
lation, newly created model 230, and translated test-pat-
tern file 228 to run a comparison simulation using the
new model. The results of this simulation are compared
to the results of the circuit level simulation 220. If the
results do not deviate by more than some pre-specified
error tolerance, then the model is compiete.

Flowchart 300 with respect to FIG. 3 represents the
control flow which is implemented in the top-level
program of the present invention. After schematic cap-
ture and net-list conversion 302 is complete, the rule-
based translator 306 (corresponding to 218 with respect
to FIG. 2) is run producing gate level primitives 308
(corresponding to 222 with respect to FIG. 2). Next,
reachability analysis 310 is performed (corresponding to
pre-processor 204 with respect to FIG. 2), from which
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the output is used to generate a set of simultaneous
equations by process 314. Next, process 316 solves the
simultaneous equations to produce delay data (corre-
sponding to 220 with respect to FIG. 2). Process 312
corresponds to the combination of 214 and 220 with
respect to FIG. 2. Processes 314 and 316 correspond to
parts of 226 with respect to FIG. 2.

Again with respect to FIG. 3, process 320 combines
all of the generated model and delay information into a
useful internal representation and process 322 (corre-
sponding to 212 with respect to FIG. 2) formats these
into the appropriate output files. Processes 314, 316,
320, 322 and 324 in combination correspond to auto-
model generation 226 with respect to FIG. 2. By using
different sets of formatting criteria, models may be gen-
erated for different manufacturer’s logic model librar-
ies, represented by 326, 328, and 330, with respect to
FIG. 3. By creating a number of different models at
different levels (e.g., circuit-level, switch-level, and
logic-level) more opportunities are created for model
verification. The greater the number of comparisons
performed by the auto-verification process, and the
greater the agreement between the corresponding simu-
lations, the greater is the confidence level that the mod-
els will perform accurately and repeatably.

Data flow diagram 400 with respect to FIG. 4 repre-
sents the process of auto-verification. Before auto-
verification is performed, auto-modeling program 402
will have created a logic or multi-mode model 408, and
simulation patterns 404 and SPICE (or other circuit-
level model) sub-circuits 406, will have been produced

- in the process of auto-model generation.
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A model translation process 410 incorporated into the
model verification process 400 translates the circuit-
level model 406 (typically a SPICE model) and circuit
simulation patterns 404 into a switch-level model 414
and switch-level simulation patterns 420 which will be
run on a switch-level simulator 422. A switch-level
model] performs functions similar to those of a circuit-
level model, but the detailed, discrete transistor models
are replaced with switches which can assume either an
open (disconnected, or OFF) state or a closed (shorted,
connected or ON) state. This type of simulator operates
much faster than a circuit-level simulator, because of
the significantly reduced number of calculations re-
quired due to the simplified model. This makes the
switch-level simulator ideal for real-time model verifi-
cation, and good for functional verification. Both the
logic (or multi-mode) model 408 and the switch-level
model 414 are run on the logic (or multi-mode) simula-
tor 412 and the switch-level stmulator 422 , respec-
tively, producing logic (or multi-mode) simulation out-
put 418 and switch-level simulation output 432. The
functional responses of the logic simulation 418 and the
switch-level simulation output 432 are compared. If
there is functional agreement (both output do the same
things in response to the same stimuli) then the function
pass criteria 430 are satisfied. The SPICE output 416
(circuit-level simulator) and logic (or multi-mode) simu-
lator output 418 are compared via a delay compare
program 424. Provided that delay results are adequately
close, as specified by a predetermined error tolerance,
performance data 428 is generated for examination by
the user.

The data-flow diagram 500 of FIG. § shows the oper-
ation of the pre-processor program (204 with respect to
FIG. 2) . A schematic net-list 505 is read and interpreted
by a net-list interpretation process 510. This process
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produces connectivity data 5185. Reachability analysis a computer,
520 is then performed on the connectivity and primitive a graphic display device displaying signals gener-
data of §18 to determine what combinations and sequen- ated by the computer,
ces of input patterns will cause transitions of the circuit a graphic input device for making inputs to the
outputs. The result of reachability analysis is a list of 5 computer, |
input-output dependencies 525 (or delay paths) and the schematic capture software in the computer for
input sequences and patterns 530 required to produce operating on the inputs and storing in the com-
transitions according to those dependencies. An output puter a net-list interconnection representation of
formatting process 535 operates on the dependencies a graphical representation of a circuit,
525 and patterns 530 according to the input require- 10 simulation stimulus generation software in the
ments of the circuit-level simulator in the integrated computer for providing stimulus data corre-
circuit design environment and produces a circuit simu- sponding to patterns of input stimuli for the cir-
lator stimulus file 540. cuit;

FIG. 6 is a schematic diagram of a logic circuit 600 to logic simulation software in the computer for simu-
be operated on by the model generation system of the 15 lating performance of a logic-level model of the
present invention. The circuit comprises combinational circuit according to the stimulus data and for
logic elements 602, 604,606, 608 and 610, and sequential providing logic simulation results, said logic-
logic element 612 and interconnections therebetween. level model of the circuit being represented as

FI1G. 7 1s a schematic diagram 700 of the result of interconnected logic blocks, and
reducing the logic circuit 600 with respect to FIG. 6, 20 circuit-level simulation software in the computer
into its logic primitive and transistor subcomponents. for simulating performance of a transistor-level
The circuit 700 includes logic primitives 702, 704, 706, model of the circuit according to the stimulus
708, 710, 712, 714, 716, ‘718, 720, 722, 724, 726, 728, 730, data and for providing simulated performance
732, 734, and 736, and transistors 738, 740, 742, 744, 746, results; |
748, 750, 752, 754, 756, 758, 760, 762, 764, 766, 768, 770, 25 means in the computer for providing layout informa-
772, 774, and 776. tion to the transistor-leve! model of the circuit; and

FIG. 8 is listing of the results of reachability analysis means in the computer for providing timing and
(1.e., circuit simulator stimulus file 540 with respect to delay information obtained from the simulated
FIG. §) of the schematic of FIG. 7 showing cell type performance of transistor-level simulation to the
(CB = combinational, SQ = sequential), parameter 30 logic blocks used in the simulation of the logic-
names, input pattern, and input/output relationships. level model.

F1G. 9 15 a listing of an equations file, (i.e., 314 with 2. An automatic model generation system according
respect to FIG. 3) created by reformatting the results of  to claim 1, further comprising:
reachability analysis according to appropriate simulator means in the computer for comparing the logic simu-
input requirements, and delay information (i.e., delay 35 lation results with the simulated performance re-
information 220 for auto parameter extraction 214 with sults according to pre-determined criteria for suc-
respect to FIG. 2). cess; and |

FIG. 10 is a histing of a logic simulator model source means for providing an indication of a result of said
file (i.e., 230 with respect to FIG. 2) listing the appropri- comparison.

ate delays, primitives, and timing relationships between 40 3. An automatic model generation system according
pins. These results were derived from the auto-model to claim 1, further comprising:

generator (i.e., 226 with respect to FIG. 2). switch-level simulation software in the computer for

FI1G. 11 1s a display screen representation of the user’s simulating performance of a switch-level model of
view of the system during model generation for the the circuit and for providing switch-level simula-
sequential portions of the circuit. 45 tion results;

FIG. 12 1s a display screen representation of the user’s means in the computer for comparing the logic simu-
view of the system during model generation for the lation results with the switch-level simulation re-
overall circuit with the sequential portions included. sults according to pre-determined critena for suc-

Appended hereto are two documents, forming part of cess; and
the disclosure of the present invention. 50 means for providing an indication of a result of said

“Appendix 1” contains a ‘C’ language source listing comparison.
of one embodiment of the top-level process of the pres- 4. An automatic model generation system according
ent invention which invokes all of the sub-processes and to claim 3, further comprising:
controls the overall flow of automatic model genera- means in the computer for providing timing and
tion. 55 delay information obtained for the simulated per-

“Appendix 2” is a description of the user interaction formance of transistor-level simulation to the
with the auto-model generation system of the present switch-level model.
invention in the form of a user’s manual. 5. An automatic model generation system according

What 1s claimed 1s: to claim 1, further comprising:

1. An automatic model generation system for auto- 60 means for providing said logic-level model in human-
mating logic and timing model generation, comprising: readable data-sheet form.

an integrated circuit design station including: * % * *x x
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